Summary. In the present study we investigated the capability of human epidermal cells to generate granulocyteactivating mediators (GRAM). It could be shown that human epidermal cells as well as an epidermoid carcinoma cell line (A431) produce an epidermal cell-derived granulocyte-activating mediator (EC-GRAM) which stimulates human granulocytes to release significant levels of toxic oxygen radicals as measured by a lucigenin-dependent chemiluminescence (CL). For further characterization of EC-GRAM the A431 cell line was used. Supernatants of A431 cells usually contained maximal EC-GRAM levels within 24 h of incubation. Factor production was enhanced by bacterial lipopolysaccharide (LPS), but not by silica particles and PHA. Moreover, freeze-thaw lysates of A431 cells and extracts of heat-separated human epidermis contained significant levels of EC-GRAM. Preincubation of grannlocytes with EC-GRAM resulted in an enhanced response to subsequent stimulation with the chemotactic peptide f-met-phe. In contrast EC-GRAM did not affect the response to PMA or zymosan particles. However, EC-GRAM treated granulocytes were unresponsive to restimulation with EC-GRAM. Upon high performance liquid chromatography (HPLC) gel filtration EC-GRAM eluted within two major peaks exhibiting a molecular weight of 17 kD and 44 kD. According to its biochemical and biological properties EC-GRAM can be separated from other cytokines such as ETAF/-interleukin 1, interleukin 2, interferons, granniocyte colony-stimulating factor (G-CSF) and tumor necrosis factor (TNF). However, an antibody to human GM-CSF neutralized about 75% of the activity. These results indicate that EC-GRAM activity stimulating the * Presented in part at the 16th annual meeting of the ESDR, 5th joint meeting of the ESDR/SID, June 22--26, 86, Geneva, Switzerland Offprint requests to: Dr. Alexander Kapp, Hautklinik der Universit/it, Hauptstr. 7, D-7800 Freiburg, Federal Republic of Germany generation of reactive oxygen species by granulocytes is probably due to GM-CSF.
There is increasing evidence that the skin possesses important functions as a part of the immune system. For example, epidermal Langerhans cells (LCs) play a crucial role in antigen-specific and allogeneic Tcell activation [28, 30, 35] . Furthermore, keratinocytes have been found to perform phagocyte-like functions such as endocytosis and phagocytosis [34] . Particularly, epidermal cells (ECs) actively modulate immunological events by synthesizing distinct immunoregulating cytokines such as EC-derived thymocyte activating factor (ETAF) [14, 23] which is not distinguishable from monocyte-derived interleukin 1 (IL 1). In addition, human ECs have been shown to synthesize an EC-derived natural killer cell augmenting factor (ENKAF) [19] and a cytokine with interleukin 3-like properties (EC-IL 3) [1] : ENKAF augments NK cell activity of large granular lymphocytes, but is distinct from ETAF, interleukin 2 and interferon (IFN), whereas EC IL 3 has been shown to induce the proliferation of IL 3-dependent cell lines. In addition to these immunostimulating mediators, it also has been demonstrated that the induction of contact hypersensitivity is inhibited by a factor derived from UV-B irradiated keratinocytes [29] .
Recently, we have shown that mononuclear cells upon stimulation with bacterial lipopolysaccharide (LPS) release a monocyte-derived granulocyteactivating mediator (M-GRAM) [8] which significantly stimulates the oxidative response of human granulocytes. In the present study we investigated whether ECs are also capable of generating mediators affecting polymorphonuclear leukocyte functions. 
Materials and methods

Epidermal cells, and cell lines, and mononuclear cells ( MNCs)
RPMI 1640 medium containing penicillin, streptomycin, and amphotericin B supplemented with 5% heat-inactivated fetal calf serum (FCS) was used to culture the human epidermoid carcinoma (A 431) cell line [18] . Epidermal cells (ECs) were prepared from hmnan neonatal foreskins [18] as described [3] and plated at a density of 2 x 105 cells/cm z in RPMI 1640 containing 10% FCS. Cell viability was greater than 95% as determined by trypan blue exclusion. A 431 cells and ECs were maintained in monolayer culture without the support of a feeder layer as described [22] . Cells were incubated at 37~ in humidified atmosphere containing 5% CO2. In order to subculture A 431 or ECs, cells were detached using a 0.05% trypsin and 0.02% ethylenediaminetetraacetate (EDTA) solution. Culture medium was changed twice a week. For G R A M production cells were plated at a concentration of 0.8 or 1.6 x 105/cm / in plastic Petri dishes (90 mm diameter, Nunc, Denmark) with HEPES-buffered Eagle's minimal essential medium (MEM) containing 50 gg/ ml bovine serum albumin (BSA; A 431) or with RPMI 1640 containing 5% FCS (EC). Supernatants (SUPs) were harvested after 2 4 -48 h, centrifuged, sterile filtered, and stored at -70 ~ C until testing.
To obtain cell-lysate derived EC-GRAM, EC monolayers were washed with phosphate-buffered saline (PBS) and then subjected to three freeze and thaw cycles. PBS was added, cellular material was removed by a cell scraper (Costar/Tecnomara, Fernwald, FRG), and centrifuged for 60 min at 100000 x g. The SUPs were harvested and stored at -7 0~ until testing.
In order to stimulate factor production A 431 cells were cultured in the presence of either bacterial lipopolysaccharide (LPS; 0.5 gg/ml), PHA (5 gg/ml), or silica (50 gg/ml).
Extracts of normal human heat-separated epidermis were prepared as described previously [7] . Whole skin specimens were obtained from healthy individuals undergoing plastic surgery. The skin was freed from subcutaneous fat and incubated for 1 min at 53~ in 0.15 M NaCI [10] . The epidermis was then immediately peeled off from the dermis and extracted in PBS on ice by mechanical homogenization as described [7] . The supernatants were dialyzed. MEM overnight at 4~ sterile filtered, and stored at -70~ until testing.
M -G R A M activity was prepared from LPS-stimuIated MNCs as described [8] . The resulting G R A M preparation was 35-fold concentrated using an ultrafiltration system with an YM-10 Diaflo membrane (Amicon, Witten, FRG). Desalting and buffer exchange with PBS was performed using Biogel P6-DG (BioRad, Munich, FRG). LPS was removed by three passages over Detoxi-Gel (Pierce, Rodgau, FRG). The remaining material was free of LPS when tested in the limulus amebocyte lysate assay (Sigma, Munich, FRG).
Isolation of human PMN
Human polymorphonuclear neutrophilic granulocytes (PMNs) were isolated from heparin-anticoagulated venous blood of healthy blood donors by ficoll gradient centrifugation and three 30-s cycles of 0.2% NaC1 treatment followed by the addition of an equal volume of 1.6% NaC1 to lyse red blood cells [8] . Subsequently PMNs were suspended to a density of 5 x 106 ceils/ a Human epidermal cells were isolated and cultured as described in Materials and methods; supernatants (SUP) were collected after the period indicated and tested for G R A M activity at 1 : 2 dilution b 60-rain integral counts were measured c Values represent mean + SEM from three experiments ml in HEPES-buffered Hank's balanced salt solution (HBSS), pH 7.4, containing 2 mM lucigenin and 1 mg/ml BSA. Cells were 98% polymorphonuclear leukocytes, as judged by Pappenheim stain, and more than 95% viable by trypan blue exclusion. Aliquots (200 gl), containing 1 x 106 cells each, were placed into unsealed polystyrene Iuminescence tubes (Lumacuvette/ Abimed, Dfisseldorf, FRG) and stored at 4~ for a maximum of 6 h prior to use.
Testing for GRAM activity using lucigenin-dependent chemiluminescence ( CL )
Chemiluminescence measurements were performed in a sixchannel Biolumat LB 9505 (Berthold, Wildbad, FRG) interfaced via an Apple II E computer to an Epson RX80 graphic printer. The thermostat was set at 37 ~ C throughout. Usually 50 gl SUPs were added to the PMNs corresponding to a 1 : 5 dilution. Integral counts from a 0-to 60-rain incubation interval after addition of supernatants to the granulocytes were measured, indicated as counts in the figures and tables. For each run M -G R A M served as a standard stimulus for testing cellular activity of PMNs.
Bioassays
Samples were tested for chemotactic activity by measuring cell migration with the double chamber filter method of Boyden, using blind well chambers as described previously [13] . To test interleukin 1/ETAF activity samples were diluted 1:40 and 1:80 and the thymocyte-costimulator assay was performed as described [16] . Interferon activity in the supernatants was determined by an antiviral assay as described [11] .
Biochemical characterization of EC-GRA M
High performance liquid chromatography (HPLC) was performed with a system supplied by LKB (Bromma, Sweden) using two 2150 pumps, a 2152 system controller, a Rheodyne 7010 injector, and a 2151 variable wavelength monitor. All procedures were carried out at room temperature. HPLC fraction were supplemented with BSA, to prevent unspecific binding. Values represent the mean _+ SEM of three experiments alted wih Biogel P6-DG, as described for MNC-derived GRAM. For testing freeze-thaw lysates 24-h cultures of A 431 cells corresponding to 1 x 108 cells were extracted in 3 ml PBS as described above. A 100-200 p.1 sample was applied to a Superose-12 gel filtration column (300 x 10 mm; Pharmacia, Freiburg, FRG). Elution of the column was carried out isocratically with PBS, pH 7.2, at a flow rate of ] ml/min. Aliquots (100 lal) of the fractions were tested as indicated. Columns were calibrated with a gel filtration standard (BioRad, Munich, FRG) containing bovine thyreoglobulin (MW 670 kD), bovine gamma-globulin
HPLC gel filtration
Statistical analysis
Statistical significance of the data was calculated using Student's t-test.
Reagents, antibodies, and cytokines
Ficoll-Paque solution was obtained from Pharmacia ('Freiburg, FRG); purified bovine serum albumin (BSA), lucigenin, phorbol-myristate-acetate (PMA), f-met-phe, zymosan A, and silica (particle size, 0.007 gin) from Sigma (Munich, FRG). PHA was from Wellcome (Burgwedel, FRG). Culture memdia, antibiotics, normal rabbit and calf serum, and fetal-calf serum (FCS; screened for Mykoplasma contamination and mitogenic activity) were purchased from Biochrom-Seromed (Berlin). S-form LPS from Salmonella abortus equi, prepared as described previously [5] , was a gift of Dr. C-Galanos (MPI for Immunobiology, Freiburg, FRG). Recombinant human interleukin 1 ~ and/~ and recombinant human interleukin 2 were purchased from Genzyme (Boston, Mass., USA). Recombinant human G-CSF was a gift from Dr. Souza (Amgen, Thousand Oaks, Calif., USA). Recombinant human TNF c~ and a polyclonal rabbit antiserum to recombinant human TNF ~ were a gift from BASF/Knoll (Ludwigshafen, FRG). Recombinant human GM-CSF and a polyclonal calf antiserum to recombinant human GM-CSF were a gift from Dr. J. DeLamarter (Biogen, Geneva, Switzerland). Purified ANAP [26] was a kind gift from Dr. J. Schrrder (Department of Dermatology, University of Kiel, FRG). (5 Ixg/ml), silica (SIL), 50 I~g/ml), and LPS (0.5 I~g/ml), or remained unstimulated (NONE) for 24 h. Freeze-thaw lysates were prepared as described in Materials and methods and extracted in 3 ml PBS. Cell-associated GRAM was tested for GRAM activity at 1:5 dilution. BG indicates the CL signal induced by the exta'action buffer; 60-rain integral counts were measured. Values represent the mean 5-SEM from three experiments tested on three donors granulocytes. Significant factor production was found after 1 week of culture (Table 1) . High levels of EC-G R A M were observed after 1 month of culture. In addition a human epidermoid carcinoma cell line A 431 was tested for the capacity to release E C -G R A M . SUPs of the A 431 cell line (Figs 1 and 2 ) exhibited significant E C -G R A M activity and usually contained higher levels of E C -G R A M activity in comparison to ECs in primary culture. A 431 SUPs induced a longlasting and intense CL signal (Fig. 1) . Following a lagphase of 5 to 15 min, CL increased continuously with a maximum occurring between 60 and 90 min. Baseline levels were reached within 150 to 210 min. Integral counts induced by SUPs of the A 431 cell line were comparable to a signal induced by P M A at a concentration of 10 to 20 ng/ml. Release of E C -G R A M in the SUPs was seen even at low cell concentrations (Fig. 3) . Factor production could be increased at concentrations of 3.2 cells x 105/cm 2. Significant factor production without a loss of cell viability was seen between 24 and 48 h of incubation (Fig. 4) . However, higher levels of E C -G R A M were obtained after 3 days of culture when cell viability decreased. Release of E C -G R A M was slightly stimulated by LPS but not significantly by P H A and was diminished by silica particles (Fig. 2 ). Significant levels of E C -G R A M could also be detected in freeze-thaw lysates of A 431 cells (Fig. 5) . Addition of stimuli to the cultures resulted in a similar pattern as found for the SUPs. In addition to cultured EC and keratinocyte cell lines extracts of heat-separated epidermis contained significant levels of E C -G R A M activity (Table 2) .
Results
Cell sources of human EC-derived granulocyte activating mediator ( EC-G RAM)
Modulating effect of EC-GRAM on cellular reactivity of PMNs
To further evaluate the effect of E C -G R A M on the CL response of P M N s to subsequent stimulation, PMNs were preincubated with E C -G R A M and were stimulated with different agents known to induce oxygen radical release from granulocytes (Table 3) . Preineubation of P M N s resulted in a significantly enhanced response of P M N s to stimulation with the chemotactic peptide f-met-phe, whereas the response to phorbolmyristate acetate and phagocytosis of zymosan particles was not affected. Interestingly the cells were unresponsive to restimulation with the same mediator. Furthermore, cells preincubated with E C -G R A M were deactivated to stimulation with M -G R A M . (counts x 10 -6) as indicated in Materials and methods, only for f-mct-phe the peak CL response within 10min (cpm x 10-6) was calculated d Concentrated M-GRAM was prepared as described in Materials and methods N.S. not significant
Relationship of EC-GRAM to other eytokines
SUPs of the A 431 cell line were tested for the presence of interferon (IFN) activity. In all samples no measurable IFN activity could be detected (data not shown).
To clarify whether interleukin 1 could be responsible for EC-GRAM activity, recombinant human IL 1 e and fi were tested for induction of CL in human granulocytes. IL 1 fl at high concentrations slightly enhanced the CL response of PMNs. However, neither IL 1 e nor IL 1 fl were capable of inducing a significant CL signal which was comparable to responses induced by EC-GRAM (Table 4) . Recombinant human interleukin 2 was devoid of GRAM activity (Table 4) .
Recombinant human G-CSF when tested at different concentrations was ineffective in stimulating the CL response of human PMNs (Table 5) .
Furthermore, a polyclonal antibody against recombinant human TNF e did not inhibit EC-GRAM activity (Table 6 ). However, a polyclonal antibody against human GM-CSF neutralized about 75% of the EC-GRAM activity (Table 7) . 
Partial biochemical characterization of EC-GRAM
HPLC gel filtration of concentrated SUPs from A 431 cells resulted in a single peak of EC-GRAM exhibiting a molecular weight of 44 kD (Fig. 6 ) whereas material derived from freeze-thaw lysates of A 431 cells eluted in a single peak with a molecular weight of 17 kD (Fig. 7) .
Discussion
ECs have been shown to produce a number of immunomodulating cytokines [1,/4, 19, 23, 29] . Our data provide evidence that normal as well as malignant 60-rain integral counts were measured b 30 gl TNF (104 U/ml), EC-GRAM, GM-CSF (2 x 104 U/ml), or Medium were preincubated with 30 pl rabbit antiserum to recombinant human TNF c~ or normal rabbit serum (1:20) for 30 min at room temperature; subsequently 50 pl were added to the PMNs for testing the CL response Mean _+ SEM of four experiments on two donors " 60-rain integral counts were measured b 30 lal GM-CSF (104 U/ml), EC-GRAM, TNF (104 U/ml), or medium were preincubated with 30 ~tl calf antiserum to recombinant human GM-CSF or normal calf serum (1 : 10) for 30 min at room temperature; subsequently 50 Ixl were added to the PMNs for testing the CL response Mean + SEM of 4 -6 experiments d p < 0.001 vs Medium h u m a n ECs are able to produce a cytokine which effectively triggers the oxidative burst o f P M N s . The induction o f the respiratory burst by this epidermal cell-derived granulocyte activating mediator (EC-G R A M ) was assessed by a lucigenin-dependent CL. Freshly isolated ECs as well as an epidermoid carcin o m a cell line (A 431) spontaneously released significant amounts o f E C -G R A M within 2 4 -48 h o f culture. The finding o f increased levels o f E C -G R A M after prolonged culture o f h u m a n ECs suggests that keratinocytes were the source o f E C -G R A M , since Langerhans cells and melanocytes are k n o w n to be lost in long-term E C cultures, This is supported by the fact that a keratinocyte cell line (A 431) also produced E C -G R A M activity. The C L response in h u m a n granulocytes was comparable to that induced by m o n ocyte-derived G R A M [8] . In contrast to M -G R A M [8] , only slightly increased levels o f E C -G R A M were has been demonstrated that scraping of cells leads to increased ETAF/IL 1 release [: [4] . To evaluate the possible role of EC-GRAM in vivo, extracts of heat-separated epidermis were tested for EC-GRAM activity. Thereby significant levels of EC-GRAM could be detected indicating that this activity is also present in the human epidermis in vivo. Similarly, ETAF was detected in preparations of human epidermis [4, 7] . At the present time it is not known whether EC-GRAM activity detected in the heat-separated epidermis was due to the same factors found in cultured keratinocytes.
EC-GRAM has been partially characterized by HPLC gel filtration. Upon HPLC gel filtration EC-GRAM activity exhibited distinct molecular weights. SUP-derived mediator has a mol. wt. of 44 kD and the cell-lysate derived mediator exhibited a tool. wt. of 17 kD. Although this finding is not completely elucidated, the higher molecular weight of SUP-derived mediator could be the result of the formation of dimers and oligomers during the release of activity. Similarly, the presence of a high and low molecular weight species has been described for MNC-derived GRAM [8] and for human ETAF [17] .
Furthermore, the modulating effect of prestimulation with EC-GRAM on the response of granulocytes to subsequent stimulation was tested. For this purpose granulocytes were preincubated with EC-GRAM for 3 h until the baseline levels were reached and subsequently stimulated by different triggers of the oxidative burst. Whereas the response to PMNs and phagocytosis of zymosan particles was unaffected, the response to the chemotactic peptide f-met-phe was significantly enhanced. An increased oxidative response to chemotactic peptide stimulation has also been reported after preincubation with human GM-GSF [33] . Interestingly, preincubation with EC-GRAM deactivated the PMN to restimulation with the same mediator and to stimulation with M-GRAM. This indicates that M-GRAM and EC-GRAM possibly share similar receptor sites on PMNs or trigger identical transductional events in their target cells.
Peak fractions of HPLC gel filtration were devoid of chemotactic activity (data not shown) which was shown to be associated with ETAF activity [17, 25] . In addition, human recombinant IL 1 ~ and fl did not induce a significant CL response in granulocytes, indicating that EC-GRAM is distinct from IL 1. EC-GRAM is different from interleukin 2 since EC SUP did not contain any IL-2 activity [15, 24] . Furthermore, recombinant interleukin 2 did not exhibit GRAM activity in CL.
Since an interferon-like protein was recently detected in normal human epidermis [36] SUPs were tested for IFN activity. However, in all the material tested no IFN activity could be detected. Furthermore, as described previously [8J, human recombinant IFN c~ and ~ were found to be devoid of GRAM activity.
In addition, human tumor necrosis factor (TNF) has also been found to affect neutrophil functions [12, 27] . However, EC-GRAM activity was not inhibited by an antiserum to TNF c~. Recently, an anionic neutrophil-activing peptide (ANAP) was identified in psoriatic scales [26] . This mediator is a potent chemotaxin, but based on our results (data not shown) only a weak trigger of the oxidative burst and is, therefore, not responsible for EC-GRAM activity.
Colony stimulating factors (CSF) have been shown to affect granulocyte functions [9, 31 -33] . Since human carcinoma cell lines similar to A 431 cells have been shown to produce G-CSF [21] the effect of G-CSF on PMNs was tested. However, recombinant human G-CSF did not exhibit any significant effect on CL response of human PMNs. In contrast to G-CSF, GM-CSF represents a significant activator of PMN oxidative metabolism [9] . When testing the effect of an antibody to recombinant human GM-CSF, it was found that about 75% of EC-GRAM activity were neutralized. We, therefore, suggest that most of the epidermal cell-derived activity which triggers the oxidative burst in human PMN is due to GM-CSF.
In the present study we demonstrated that human ECs release a new immunomodulating cytokine which is capable of eliciting a long-lasting CL signal in human granulocytes. The described mediator is different from ETAF and other already known cytokines affecting granulocyte oxidative metabolism. However, the major part of this activity appears to be due to GM-CSF which is apparently generated by EC. The minor part of EC-GRAM activity could represent EC-derived leukocyte-stimulating activity (ELSA) which has recently been described to stimulate the release of reactive oxygen species in granulocytes [2, 20] . These findings of EC, producing granulocyte-activating cytokines, further suggest the active participation of EC in inflammatory reaction in the skin.
